when it is expressed in infected cells. We found that GFP-Grb2, as with GFP-Nck1 and GFP-Nck2, is effiUnited Kingdom ciently recruited to viral particles that have nucleated actin tails ( Figure 1A ). In contrast, GFP-tagged versions of the SH2 domain containing adaptor proteins Crk2 Summary and Shc (66 and 52 kDa isoforms) were not recruited to vaccinia-induced actin tails ( Figure 1A , data not shown). The Wiskott-Aldrich syndrome protein family member To confirm our observations with GFP-Grb2, we labeled N-WASP is a key integrator of the multiple signalling cells for endogenous Grb2. We found that endogenous pathways that regulate actin polymerization via the
). This suggests that it is the affinity of Grb2 compared to that of Nck that plays a type WR virus strain, 4.1 Ϯ 1.1 m, n ϭ 70 compared to 3.9 Ϯ 0.8 m, n ϭ 57. Nevertheless, quantitation of more important role in determining the efficiency of actin tail formation. To investigate this possibility, we examthe number of infected cells with actin tails induced by A36R-Y132F virus reveals a 28% reduction when ined the effect of Grb2 overexpression on the efficiency of tail formation via the Y132 pathway alone. ⌬A36R compared to wild-type A36R ( Figure 2D) . Furthermore, the average number of actin tails per cell was 2.6-fold virus-infected cells were transfected with both A36R-Y112F and GFP-Grb2 simultaneously. Coexpression of lower in cells infected with A36R-Y132F virus when compared to the WR virus strain ( Figure 2E ). Thus, in the GFP-Grb2 and A36R-Y112F resulted in a 5.6-fold increase in the number of infected cells with actin tails context of an infection, the Grb2 pathway alone is insufficient to mediate actin tail formation. Grb2 does, howwhen compared with expression of A36R-Y112F alone ( Figure 2C ). Our observations confirm that Grb2 is able ever, play an important role, by acting cooperatively with Nck, in making vaccinia-induced actin tail formation to elicit actin tail formation independently of Nck, albeit with greatly reduced efficiency. more efficient. Using GFP-Grb2 constructs, we sought to identify While ectopic expression of A36R mutants in cells infected with ⌬A36R virus provides a powerful apwhich of its domains are required for recruitment to the virus ( Figure 3A) . We found that, when expressed in proach, we wondered whether we would obtain a clearer indication that actin tail formation is less efficient in the infected cells, no individual domain of Grb2 was recruited to actin tails ( Figures 3B and 3C) . Weak or partial absence of the Grb2 pathway when A36R-Y132F was expressed from its natural viral promoter during infecrecruitment of the GFP-tagged protein was only observed if the SH2 and either of the SH3 domains were tion. We therefore produced two recombinant virus strains that express A36R-Y112F and A36R-Y132F from present ( Figures 3B and 3C ). To exclude the possibility that isolated Grb2 domains might have reduced affinity their own promoters. We found that, although the A36R-Y112F virus was able to reach the plasma membrane, for their targets, we performed a similar analysis on full-length Grb2 expression constructs containing point it surprisingly did not induce the formation of actin tails or recruit Grb2, as we had observed with ectopically mutations that independently abolish the activity of the domain in which the mutant residue is located [12, 13]. expressed protein (see the Supplementary Material available with this article online). In contrast, the A36R-Consistent with our observations using Grb2 domains, disruption of either SH3 domain significantly reduced N-WASP is a potential binding partner for Grb2, given that it contains a proline-rich domain and studies in vitro the ability of Grb2 to be recruited to viral particles that form actin tails (Figures 3B and 3C ). In addition, mutation have demonstrated that Grb2 is able to stimulate the ability of N-WASP to activate the actin-nucleating activof the SH2 domain, or both SH3 domains simultaneously, abolished recruitment completely. Taken toity of the Arp2/3 complex [16] . To examine whether the polyproline-rich region of N-WASP is required for Grb2 gether, our results suggest that the activity of the SH2 domain and at least one of the two SH3 domains is recruitment, we took advantage of the GFP-tagged N-WASP constructs GFP-WH1-CRIB and GFP-⌬WA required for the recruitment of Grb2 to the actin tailforming virus.
( Figure 4B ). When overexpressed in infected cells, these two proteins are efficiently recruited to virus particles Given our observations, we wondered whether the Grb2 SH3 domain binding proteins Sos [14] and Dyand inhibit actin tail formation by blocking recruitment of endogenous N-WASP and activation of the Arp2/3 namin [15] were also present on virus particles. We could, however, find no evidence for recruitment of encomplex [6] . Immunofluorescence analysis reveals that virus particles that have recruited GFP-⌬WA also effidogenous Sos to virus particles that nucleate actin tails (data not shown). Likewise, we could not detect HAciently recruit endogenous Grb2 ( Figure 4C ). In contrast, the presence of GFP-WH1-CRIB on virus particles corretagged Sos1 or Dynamin2-GFP on virus particles that form actin tails when they were expressed in vaccinialates with an absence of Grb2 ( Figure 4C ). The recruitment of Nck to virus particles was not inhibited by either infected cells (Figure 4A ). Although we cannot rule out the possible presence of additional proline-rich proteins, N-WASP mutant ( Figure 4D ). This demonstrates that interaction with the polyproline-rich domain of N-WASP tion is more efficient if both Nck and Grb2 pathways are present. Grb2 may act as a secondary adaptor to is required for recruitment of Grb2, but not Nck, to the actin tail-forming complex. It also confirms that phosstabilize the complex or may act cooperatively with Nck to enhance the ability of N-WASP to activate the Arp2/3 phorylation of Y132 is not sufficient for the stable association of Grb2 with A36R, which is consistent with the lack complex, given that both adaptors are able to stimulate this activity in vitro [16, 17] . Clearly, actin tail formation of recruitment of the isolated GFP-Grb2 SH2 domain ( Figure 3B ) or endogenous Grb2 in cells infected with by vaccinia virus is not a simple linear cascade of protein-protein interactions but involves multiple connecthe recombinant virus expressing A36R-Y112F (data not shown). Nevertheless, the lack of localization of Grb2-tions between phosphorylated Y112/Y132, Grb2, Nck, WIP, and N-WASP. In this respect, vaccinia actin tail R86K on the tips of actin tails indicates that the SH2 domain is absolutely required for adaptor recruitment formation is very similar to receptor tyrosine kinase signaling cascades at the plasma membrane, which also to the virus.
Our observations with vaccinia virus clearly demoninvolve multiple phosphorylation sites and adaptors [18] . Recent observations that vaccinia only induces actin strate in vivo that Grb2 is involved in the stimulation of actin polymerization via N-WASP and the Arp2/3 comtail formation at the plasma membrane [8-10] reenforce the hypothesis that vaccinia provides an excellent model plex. We propose that, during the assembly of the vaccinia actin-nucleating complex, the A36R-Y112-Ncksystem to dissect signaling complexes that regulate actin polymerization at the plasma membrane. WIP pathway is primarily responsible for recruitment of N-WASP to the virus particle. Efficient docking of Grb2 with this complex is dependent on both phosphorylation 
